Abstract: This paper focuses on recent advances in the chemistry of bifunctional Ru catalysts with chelate protic amine ligands effective for hydrogenation of polar carbonyl compounds. The rational design of the cooperating amine ligand that adjusts the balance of the electronic factors on the M/NH units in the bifunctional catalysts is crucial to exploit the characteristic catalytic performance with a wide scope and high practicability. These bifunctional molecular catalysts offer a great opportunity to develop new fundamental processes for the straightforward hydrogenation of carboxylic acid derivatives as a powerful alternative for classical reduction using stoichiometric amounts of metal hydride reagents.
Introduction
Molecular hydrogen (H 2 ), the most atom-efficient reducing chemical agent, is a component of the largest-volume human-made chemical reactions, hydrogenation of organic compounds [1] . Reduction of functional groups with molecular hydrogen is one of the fundamental reactions in organic chemistry. A great breakthrough was made through Noyori's discovery of bifunctional ruthenium catalysts for direct hydrogenation and transfer hydrogenation of ketones [2] . Significant efforts have been continuously undertaken to design bifunctional molecular catalysts having the combination of two or more active sites working in concert, to attain highly efficient molecular transformation of polar substrates via H + and H -transfer processes [3] . Detailed experimental and theoretical analyses of the real catalysts revealed that both an amidoruthenium complex having a square-planar geometry and a coordinatively saturated hydrido(amine)ruthenium complex are involved in the catalytic cycle. These reactions proceed via two steps, an enantio-determining hydride transfer and proton transfer, through a contact ion-pair intermediate, as depicted in Fig. 1 [4] .
In 2001, we reported an effect of alcoholic solvent facilitating the heterolytic cleavage of H 2 bound to the 16-electron [Cp*Ru{L(CH 2 ) 2 NH 2 }] + fragment as shown in Fig. 2 [5] . Further systematic study of catalytic hydrogenations of polar substrates showed that the replacement of the tertiary amino group in the ligand with a tertiary phosphino group results in the expansion in the scope of the Ru/NH bifunctionality [6] . Whereas the half-sandwich bifunctional precatalysts Cp*RuCl[(CH 3 ) 2 N(CH 2 ) 2 NH 2 ], 2, are only effective for ketone reductions, Cp*RuCl(P-N) (P-N: (C 6 H 5 ) 2 P(CH 2 ) 2 NH 2 ), 1 combined with a base efficiently promote hydrogenation of either ketones, imides or epoxides [7] . Presumably, the back-bonding properties of the phosphorus atom might enhance the Lewis acidity of the NH 2 protons, thus facilitating the hydrogen transfer to various polar functionalities.
Although the original bifunctional amido-Ru catalysts, - [9] are highly effective for the asymmetric hydrogenation of either ketones or imines. Similarly to the mechanism in Fig. 2 , a key step is the heterolytic H 2 cleavage, which is promoted by cationic species [10] . It generates an active hydride complex such as RuH(Tsdpen)(η 6 -p-cymene) with simultaneous release of HOTf in a polar solvent like methanol. After the hydride/proton transfer from the amine hydrido complex, the regenerated 16-electron amido Ru complex reacts with HOTf to complete the catalytic cycle. These experimental results prompted us to develop new chiral hydrogenation catalysts, [η Significant progress in the field of selective hydrogenation of C-O double bonds of ketones with both chiral and achiral catalysts has been made in the branch of homogeneous transition metal-based molecular catalysis. Until now only limited progress was observed in the hydrogenation of the polar functionalities bearing less electrophilic carbonyl groups, such as carboxylic acids and their derivatives [12] . The recent progress in the hydrogenation of esters and lactones exploits the conceptually new bifunctional molecular catalysts originating from the metal/NH synergy effect or aromatization-dearomatization concept [13] . In addition to the half-sandwich chelate amine complex, several pincer ligands involving a metal/NH group have been developed for powerful hydrogenation systems. For example, Takasago Int. Corp. released an efficient precatalyst, RuHCl(CO)(dpa) (4a; dpa = HN(CH 2 CH 2 PPh 2 ) 2 ), which has high potential industrial application. Hence, our further efforts were directed towards these synthetically important transformations by using a series of bifunctional Ru catalysts depicted in Fig. 4 .
Hydrogenation of imides and N-acylcarbamates with bifunctional Ru catalysts bearing P-NH 2 ligands
The Cp*RuCl(P-N) catalyst allows the straightforward catalytic hydrogenation of carboxyimides and N-acylcarbamates yielding N-protected amines and alcohols selectively [14] . Prochiral cyclic imides such as 4-substitued glutarimides and cyclic meso-imides, such as 3,4-disubstituted succinimides, are important starting compounds in asymmetric synthesis. The known carbonyl-selective reductions of N-substituted cyclic imides affording lactams or carboxamide alcohols, mostly rely on the stoichiometric amount of metal hydride re agents in organic synthesis [15] .
We found that a variety of imides are chemoselectively reduced to the corresponding alcohols and carboxamides in 2-propanol containing bifunctional Ru precatalyst, Cp*RuCl(P-N) 1, and the base KO t C 4 H 9 as the catalytic system under mild conditions, as shown in Scheme 1 [14a] . Only the catalysts with P-N ligands are effective in these reactions, whereas the analogous Cp*RuCl[k 2 (N,N)-(CH 3 ) 2 N(CH 2 ) 2 NH 2 ] catalyst 2 exhibits no catalytic activity toward the imide hydrogenation. Notably, the tertiary amine variant (C 6 H 5 ) 2 P(CH 2 ) 2 N(CH 3 ) 2 as the ligand is completely ineffective, indicating the crucial importance of the NH group in the ligand for the M/NH bifunctional activation of the carbonyl compounds.
The hydrogenation method is characterized by its excellent chemoselectivity and a wide substrate scope. A less substituted acyl group in the 3,3-dimethyl substituted glutarimide was exclusively hydrogenated to give the corresponding amide alcohol, as shown in Scheme 1. The orientation of the two carbonyl groups possibly plays a key role in the selectivity. This chemoselective hydrogenation is applicable to the deprotection of primary amines from N-phthaloyl-protected amino acid ester derivatives in Gabriel amino acid synthesis. Thus, N-phthaloyl-lPhe methyl ester undergoes hydrogenation under neutral conditions to generate N-(o-hydroxymethylbenzoyl)-l-Phe methyl ester without any loss of the ee value after acid hydrolysis, as shown in Scheme 2.
The chiral version of the Cp*RuCl(P-N) catalyst bearing the chiral P-N ligand derived from l-proline promoted the enantioselective hydrogenation of prochiral 4-arylglutarimides to provide the corresponding hydroxyamides with excellent enantiomeric excesses and in high yields, as shown in Scheme 3. The resulting chiral hydroxyamides are readily converted by a ring-closing followed by deprotection to chiral piperidinone derivatives, which serve as important synthetic intermediates for a number of physiologically active chiral compounds, including the antidepressant paroxetine. Enantioselective hydrogenation of readily accessible bicyclic imides with the 3,4-(OCH 2 O)C 6 H 3 group derived from cyclic dicarboxylic acids gave the corresponding hydroxyamides with excellent enantiomeric excesses as shown in Scheme 4 [14b] . Thus, the cyclic dicarboxylic acids can be transformed to chiral cyclic compounds bearing two different functional groups on two chiral centers, which would otherwise require tedious multistep synthesis.
Similarly to the hydrogenation of imides with the catalyst 1, N-acylcarbamates, N-acyloxazolidinone, and N-acylsulfonamides can be hydrogenated, as shown in Scheme 4 [14c] . tert-Butyl alcohol is the preferable solvent for the hydrogenation of these substrates because other alcohols can cause undesired alcoholysis of the substrates. The reaction of N-alkoxycarbonyl protected cyclic carboxamides (lactams) gave preferentially N-protected aminoalcohols in almost quantitative yield. The rates of the reaction strongly rely on the electron-withdrawing nature of substituents on nitrogen in the substrates, the rate increasing in the order of Cbz < Boc < CO 2 CH 3 < Ts.
Notably, the hydrogenation was applicable to the reductive transformation of chiral N-acyloxazolidiones, which are useful synthetic intermediates in the asymmetric synthesis. The resulting chiral alcohol and the original chiral auxiliary can be obtained without any loss in the optical purity as shown in Scheme 4. This method may be an environmentally benign catalytic alternative to the method using LiAlH 4 , which sometimes causes difficulty in the recovery of the chiral auxiliaries.
Hydrogenation of esters and lactones with bifunctional Ru catalysts
Bifunctional catalyst 1, Cp*RuCl(P-N), in the presence of a large amount of base promotes the hydrogenation of lactones and simple esters, leading to the corresponding diols and alcohols, respectively [16, 17] . For example, phthalide was cleanly hydrogenated to oxylyleneglycol under 50 atm of H 2 at 100 °C in the presence of catalyst 1, as shown in Scheme 5. A variety of aprotic solvents, including THF, dioxane, and toluene, can be equally used as alcoholic solvents under similar conditions. The amount of base has a significant influence on the reaction rate, and the addition of more than 25 equiv of NaOCH 3 as the base to the Cp*RuCl(P-N) complex resulted in an improvement of its catalytic performance, although the reason for this is still unclear. Structural modification of the protic chelating amine ligand of the Cp*Ru catalyst system caused marked improvement in the catalytic performance and provided efficient access to diols from lactones, as shown in Scheme 5 [18] . Thus, Cp*RuCl(N-N) (N-N: 2-C 5 H 4 NCH 2 NH 2 ) 3 bearing a pyridyl amine chelating ligand is more effective for hydrogenation of lactones than Cp*RuCl(P-N) catalyst. The precatalyst 3 combined with 25 mol% of NaOCH 3 was efficient for hydrogenation of several kinds of lactones at 100 °C under 50 atm of H 2 in 2-propanol to give the corresponding diols in reasonably good to excellent yields. The catalytic activity of Cp*RuCl(N-N) catalyst is comparable with Milstein's RuH(NNP)(CO) pincer complex, although the latter works without any base additive and under lower H 2 pressure [19] . A variety of esters and lactones can be reduced to the corresponding alcohols and diols, respectively. Since the discovery of Milstein's pincer catalyst for the hydrogenation of esters, modified pincer catalysts have been designed by their group and others [13] ; namely, a pincer-type bifunctional complex, RuHCl(CO) (dpa) 4a (dpa = [(C 6 H 5 ) 2 P(CH 2 ) 2 ] 2 NH) serves as more efficient catalyst for ester hydrogenation [20] . In particular, the commercially available catalyst 4a effects hydrogenation of α-fluorinated esters with S/C = 4000-5000 in methanol containing NaOCH 3 under 10 atm of H 2 at 40 °C giving fluorinated alcohols in almost quantitative yields as shown in Scheme 6 [21] . Notably, non-fluorinated methyl acetate and methyl trifluoropropionate bearing fluorine atoms at the β-position were hydrogenated inefficiently. Hence, the introduction of the fluorine atom at α-position of esters caused a marked increase in the rate of the reaction. This carbonyl selective hydrogenation is applicable to the synthesis of α-fluorinated unsaturated alcohols. For example, the reduction of ethyl 2,2-difluoropentenoate gave unsaturated alcohol with 99.6 % selectivity, in which the E/Z ratio (94/6) of the substrate was invariable during the reaction. Noticeably, the hydrogenation of chiral (R)-2-fluoropropionate gave the monofluorinated alcohol in almost quantitative yield although with a low ee due to racemization under basic conditions. To minimize racemization of the chiral ester, the drop-wise slow addition of the chiral ester provided the corresponding chiral monofluorinated alcohol without any serious decrease of the ee value.
The catalyst precursor, RuHCl(CO)(dpa) 4a, was found to be readily converted to the real catalyst, trans-RuH 2 (CO)(dpa) 4b by treatment of 4a with 1 equiv of KO t C 4 H 9 in THF-d 8 under a hydrogen atmosphere. In addition to the dihydride complex 4b, trans-RuCl 2 (CO)(dpa) 4c also worked well for the hydrogenation of methyl trifluoroacetate albeit under longer reaction times, as listed in Table 1 . Fluorinated esters, including CF 2 HCO 2 CH 3 , CF 3 CO 2 CH 3 , CClF 2 CO 2 CH 3 , and C 2 F 5 CO 2 CH 3 , were selectively hydrogenated with 4a or 4b in the reaction with S/C = 5000 to hemiacetal intermediates, which are among the most important synthons for organic synthesis. Notably, the outcome of the reaction was delicately influenced by the reaction conditions. A decrease of the reaction temperature to 15 °C in the hydrogenation of CF 2 HCO 2 CH 3 caused a drastic change in the product ratio of alcohol/hemiacetal, giving preferentially the corresponding hemiacetal CF 2 HCH(OH)OCH 3 . When the H 2 pressure was decreased under less than 10 atm at 40 °C, the hemiacetals (B) were obtainable preferentially. These results suggest that the highly fluorinated hemiacetal is stable enough to resist further conversion to alcohols (A) under the reaction conditions. After optimization of hydrogenation conditions, a preparative scale reaction of methyl trifluoroacetate, 128 g with S/C = 20 000 using the catalyst 4a gave fluoral hemiacetal in 89 % yield and with 96 % selectivity.
Continuum ) from the trans-RuH 2 (CO)(dpa) 4b to CF 3 C(O)OCH 3 through a H-bonded complex Int1 via TS1 via a two-step process to afford the inner-sphere ion pair intermediate Int2, as shown in Fig. 5 . A similar step-wise hydride and proton transfer mechanism from the bifunctional Ru hydride complex to carbonyl compound through the contact ion-pair intermediate was observed as discussed in Fig. 1 [4] .
Hydrogenation of carboxamides with bifunctional Ru catalysts bearing N-NH 2 ligands
Carboxamides with a less electrophilic carbonyl group are still one of the challenging targets in the hydrogenation of carboxylic acid derivatives [18, 22, 23] . Possible reaction pathways in the hydrogenation of carboxamides or lactams are presented in Scheme 7. Path A, which represents reductive cleavage of the C-O bond along with production of water, is a typical pathway for heterogeneous systems or traditional homogeneous catalysts [22] , whereas path B, which represents CO reduction followed by C-N bond cleavage, is a typical pathway for bifunctional catalysts [18, 23] . The Cp*RuCl(N-N) catalyst (N-N: 2-C 5 H 4 NCH 2 NH 2 ) 3 combined with base catalyzes selective and direct hydrogenation of lactams and carboxamides to form amino alcohols and a mixture of amines and alcohols, respectively (path B in Scheme 7). For example, N-phenylpyrrolidinone was smoothly hydrogenated in 2-propanol containing 10 mol% of 3 to give 4-(phenylamino)butan-1-ol in 73 % isolated yield, although N-benzylpyrrolidinone was reluctant under similar conditions. Nevertheless, a wide variety of carboxamides were susceptible to the present hydrogenation as long as they had an aryl group on their nitrogen (Scheme 8). The inertness of carboxamides lacking any aryl group on the nitrogen allowed a chemoselective hydrogenation of a certain type of amide esters bearing an ester unit in the same molecule, which cleanly gave the hydroxyalkyl-substituted lactams under similar conditions. Notably, in the hydrogenation of lactams bearing no substituent on the nitrogen, the corresponding cyclic amines can be obtained via selective dehydration (path A in Scheme 6) [24] . 
Conclusions
We demonstrated that a family of Ru catalysts with the metal/NH bifunctional moiety, such as Cp*Ru(P-N) 1 and Cp*Ru(N-N) 3, and RuHCl(CO)(dpa) 4a complexes, serves as efficient catalysts for hydrogenation of carbonyl compounds including carboxylic acid derivatives, esters and carboxamides. The amido complexes formed from chloro(amine) complexes and KOC(CH 3 ) 3 , promoted heterolytic cleavage of dihydrogen in alcoholic solvents. Significant and rapid progress, particularly for the ester hydrogenation, has been achieved for the past decade by utilization of conceptually new bifunctional molecular catalysts originating from the metal-ligand cooperation effects. However, most molecular catalysts still need relatively forced reaction conditions in terms of the temperature and pressure. From a practical point of view, development of basefree catalysts for hydrogenation is also highly desirable. Therefore, the rational design of new molecular catalyst systems is crucially important to explore unprecedented catalytic performance for hydrogenation of polar functionalities. The industrial outlook for the hydrogenation with the sophisticated catalysts should be bright because of their excellent catalytic performance, operational simplicity, and economic viability as well as their suitability for the green chemistry.
